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nautilus (nau), the single Drosophila member of the bHLH-containing myogenic regulatory family of genes, is expressed in
subset of muscle precursors and differentiated fibers. It is capable of inducing muscle-specific transcription as well as
yogenic transformation, and plays a role in the differentiation of a subset of muscle precursors into mature muscle fibers.
n previous studies, the nau zygotic loss-of-function phenotype was determined using genetic deficiencies in which the gene
is deleted. We note that this genetic loss-of-function phenotype differs from the loss-of-function phenotype determined
using RNA interference (L. Misquitta and B. M. Paterson, 1999, Proc. Natl. Acad. Sci. USA 96, 1451–1456). The present
study re-examines this loss-of-function phenotype using EMS-induced mutations that specifically alter the nau gene, and
xtends the genetic analysis to include the loss of both maternal and zygotic nau function. In brief, embryos lacking nau
oth maternally and zygotically are missing a distinct subset of muscle fibers, consistent with its apparent expression in a
ubset of muscle fibers. The muscle loss is tolerated, however, such that the loss of nau both maternally and zygotically does
ot result in lethality at any stage of development. © 2001 Academic Press
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Numerous studies have established that members of the
vertebrate family of Myogenic Regulatory Factors (MRFs),
either individually or in combination, play a central role in
skeletal muscle development. This family of basic helix–
loop–helix (bHLH) proteins has been identified in all verte-
brate species characterized to date, and is represented by the
four family members MyoD (Davis et al., 1987), Myf-5
(Braun et al., 1989), myogenin (Edmondson and Olson,
1989; Wright et al., 1989), and MRF4 (Rhodes and Koniec-
zny, 1989; Braun et al., 1990; Miner and Wold, 1990). Each
of these factors is expressed exclusively in skeletal muscle
and can induce a skeletal muscle differentiation program
when expressed in a wide range of cultured cells (reviewed
in Weintraub, 1993). Lastly, gene disruption experiments
have shown that elimination of either myogenin (Hasty et
al., 1993; Nabeshima et al., 1993; Venuti et al., 1995) or
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374both MyoD and Myf-5 (Rudnicki et al., 1993) results in
mouse embryos that lack skeletal muscle.
In contrast to vertebrates, a single MRF family member
has been identified in each of the invertebrate organisms
analyzed to date. Genes include hlh-1 in C. elegans (Krause
et al., 1990), sum-1 in sea urchin (Venuti et al., 1991),
AMD-1 in ascidians (Araki et al., 1994), and nautilus (nau)
in Drosophila. The NAU protein includes a bHLH domain
with roughly 90% similarity to those of the vertebrate MRF
family members (Michelson et al., 1990; Paterson et al.,
1991), and represents the only apparent homologue in the
D. melanogaster genome (Adams et al., 2000). Similar to
the vertebrate MyoD family members, NAU is capable of
inducing a somatic muscle phenotype when ectopically
expressed (Keller et al., 1997) and is expressed exclusively
in precursors of the body wall muscle (Michelson et al.,
1990; Paterson et al., 1991).
Within the somatic mesoderm, nau appears to be ex-
pressed in a subset of the founder myoblasts (Michelson et
al., 1990; Paterson et al., 1991; Abmayr et al., 1992). In
brief, the founder myoblasts possess patterning information
that dictates the unique differentiation program of each
0012-1606/01 $35.00
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375nautilus Loss-of-Function Mutationsmuscle fiber (Bate, 1990; Dohrmann et al., 1990; Rushton et
al., 1995). The founder cell then imparts this muscle
identity to fusion-competent myoblasts as fusion
progresses. The unique identities of founder myoblasts are
reflected in the expression pattern of genes such as S59,
even-skipped, apterous, muscle segment homeobox, krup-
pel, and vestigial (reviewed in Frasch, 1999). Like these
genes, nau appears to be expressed in a subset of the founder
myoblasts and, later, in a subset of differentiated muscle
fibers (Michelson et al., 1990; Paterson et al., 1991; Abmayr
et al., 1992). Thus, rather than a global role in the develop-
ment or differentiation of all muscle fibers, its expression
pattern suggests that nau functions in a subset of founder
cells. Indeed, such a role was suggested by the phenotype of
embryos transheterozygous for genetic deficiencies that
remove nau (Keller et al., 1998). This study revealed that
zygotic nau is essential for the differentiation of a distinct
subset of muscle precursors into mature muscle fibers.
Subsequently, however, studies addressing the role of nau
using RNA-i methods suggested a more general function for
nau in myogenesis (Misquitta and Paterson, 1999). In brief,
both nau antisense and RNA-i methods were shown to
cause an embryonic phenotype in which myogenesis was
severely disrupted and few intact muscle fibers formed.
Possible explanations for the discrepancy between these
results and our genetic studies include the existence of an
altered form of NAU that was still functional in the
previously described deficiencies. Alternatively, the pres-
ence of a maternally provided form of nau could obscure a
more severe phenotype.
Results presented herein confirm the complete absence of
the nau gene in the previously reported deficiencies. In
addition, we describe the generation of point mutations in
NAU, and the results of germline clone analysis in which
both zygotic and any maternally provided nau have been
eliminated. In short, these studies support and extend
previous interpretations that nau does not play a global or
general role in myogenesis but, rather, that it plays a critical
role in the differentiation of a subset of muscle fibers.
MATERIALS AND METHODS
Drosophila Stocks
The 24B-GAL4 expressing enhancer trap line (Brand and Perri-
mon, 1993) was provided by N. Perrimon. The UAS-nau 4 con-
struct, Df(3R)nau-9, and Df(3R)nau-11a4 have been described
(Keller et al., 1997; Keller et al., 1998). Germline clone analysis
utilized P(hs neo; ry1;FRT) )3R-82B P(mini w1; ovoD1) and P(hs neo;
y1; FRT)3R-82B. The source of recombinase was P(ry1; FLP)22; TM3,
Sb/CxD. These lines were obtained from the Bloomington Stock
Center and have been described (Chou and Perrimon, 1996).
RT-PCR and Southern Analysis
Reverse Transcription coupled with the Polymerase Chain Re-
action (RT-PCR) was used to detect nau transcripts. Total RNA
samples were prepared from Oregon R stocks (Jowett, 1986).
Copyright © 2001 by Academic Press. All rightReverse transcription was primed from 5 mg of total RNA using an
oligonucleotide in the 39 untranslated region of nau. The nau
bHLH region was then amplified by PCR. The myoblast city gene,
which is provided maternally (Erickson et al., 1997), served as a
positive control. For Southern analysis, membranes were hybrid-
ized with a labeled fragment that extends from the start of the nau
cDNA to position 11123.
Fertility and Lethal Phase Tests of Mutant and
Rescued Females
The fertility rate of individual females was quantitated by
mating to Oregon R males in vials and analyzing the vials
fter 5–7 days for the presence of larvae. In a separate
nalysis, lethal phase tests were carried out on the progeny
f these females en mass. To confirm that unhatched white
ggs were unfertilized, these eggs were examined for
uclear divisions by DAPI staining and for the presence of
perm tails by staining with an anti-sperm antiserum (Karr,
991).
EMS Mutagenesis
Males that were isogenic for a marked third chromosome were
fed 30 mM EMS in 10% sucrose as described (Lewis and Bacher,
1968). Mutagenized chromosomes were recovered over third chro-
mosome balancers, and individual males mated to Df(3R)nau-
1a4/TM3-lacZ-hg females in vials. Female progeny that were
enetically ru st e/Df(3R)nau-11a4 were recovered from each vial,
and mated. After 5–7 days, the F3 vials were examined for the
absence of larvae. Males bearing the candidate mutagenized chro-
mosomes were then recovered from the parent vial. Two nau
utations were obtained from approximately 5500 mutagenized
hromosomes.
Sequence Analysis of Mutations in nau
For the nau188 allele, the region of interest was amplified using
CR and oligonucleotides located at genomic positions 21816 and
1974 relative to the transcription start site. These oligonucleo-
ides yielded a product of approximately 1500 nucleotides from
au188 genomic DNA, which was then directly sequenced. The
equence of the nauPS6 allele was determined using total RNA from
auPS6/Df(3R)nau-11a4 heterozygous adults (Jowett, 1986). Reverse
transcription was primed as above. Regions of the nau cDNA were
then amplified by PCR and the products sequenced by the Penn
State Nucleic Acid Facility.
Whole-Mount Embryo Analysis
Colorimetric immunohistochemistry utilized a monoclonal an-
tibody against myosin heavy chain (MHC; D. Kiehart, unpublished)
and was performed on fixed embryos according to standard proto-
cols (Ashburner, 1989). Immunofluorescent confocal microscopy
was carried out as described (Keller et al., 1998). To distinguish
nau188/nau188 or nauPS6/nauPS6 from their TM3-lacZ-hg-carrying
iblings, expression of b-galactosidase was detected by enzymatic
activity (Klambt et al., 1991) or by immunofluorescence using a
b-galactosidase directed mouse monoclonal antibody (1:1000) (Pro-
mega Corp., Madison, WI) and a fluorescein conjugated goat anti-
mouse antiserum (Rockland Inc.). Fluorescent images were re-
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376 Balagopalan, Keller, and Abmayrcorded using a Bio-Rad MR-1024 laser scanning confocal imaging
system (Bio-Rad Labs).
Germline Clone Analysis
The nau188 mutation was recombined onto the FRT-containing
third chromosome of P(hs neo; ry1; FRT) 3R-82B Sb/TM6, Ubx. The
ource of recombinase was P(ry1; FLP) 22; TM3, Sb/CxD. Males of
he genotype FLP22; FRT3R- 82B, P (ovoD1)/TM3 were generated by
tandard crosses, and mated to the FRT3R-82B; nau188 females. Prog-
eny from this cross were heat shocked at 37°C for 2 h on Days 4 and
5 (late L2 or L3) essentially as described (Chou and Perrimon, 1996).
Female progeny of the genotype FLP22/1; FRT 3R-82BovoD1/FRT 3R-82B
nau188 were recovered and crossed to nau188 homozygous males.
The fertilization, lethal phase, and muscle pattern in eggs laid by
these females were then examined as described elsewhere in this
section.
RESULTS
Although limited Southern analysis supported the com-
plete absence of the nau gene in the previously described
deficiencies (Keller et al., 1998), the severe phenotype
reported for knockouts using RNAi (Misquitta and Pater-
son, 1999) prompted their reexamination. To ensure that
neither of these deficiencies represented a complex rear-
rangement that left a portion of the coding sequence intact,
Southern analyses were repeated using multiple enzymes
that cut frequently in the genome and a probe that spans the
entire bHLH (data not shown). In addition, we confirmed
that the Df(3R)nau-9/Df(3R)nau-11a4 embryos did not ex-
hibit detectable levels of NAU (data not shown). We there-
fore conclude that the absence of a subset of larval muscle
fibers is the true nau zygotic loss-of-function phenotype.
Analysis of Unfertilized Eggs for the Presence of
Maternally Provided nau mRNA
One explanation for the subtle muscle phenotype that we
observed in the deficiency embryos could be the presence of
maternally contributed nau, either in the form of protein or
RNA, that directs significant muscle development. To
address whether nau mRNA could be detected maternally,
T-PCR analysis was performed on RNA from unfertilized
ggs, 0- to 4-h-old embryos, and ovaries dissected from
ild-type virgin females. Following reverse transcription of
otal RNA, the PCR amplification was carried out using
ligonucleotides that span the bHLH domain (see Materials
nd Methods). Oligonucleotides that amplify the mbc
cDNA sequence, which is provided maternally (Erickson et
l., 1997), served as a positive control. No nau PCR prod-
ucts were detected from these sources of RNA (Figs. 1A and
1C). For increased sensitivity, Southern analysis was carried
out on the unpurified PCR products using a probe that
spans the entire nau bHLH domain (see Materials and
Methods). This analysis revealed no nau-related sequences
in the above samples (Fig. 1B and 1D). We therefore con-
clude that mRNA corresponding to the published cDNA
Copyright © 2001 by Academic Press. All rightequence of nau (Michelson et al., 1990; Paterson et al.,
991) is not provided maternally to the egg.
Isolation of EMS-Induced Mutations in nau
Although the RT-PCR results suggest that nau transcript
is not provided maternally to the egg, it remains a formal
possibility that the oligonucleotide sequences used to
prime the reverse transcriptase reaction or the PCR have
been deleted in an alternative form of the nau transcript. In
addition, NAU protein may be provided maternally to the
egg, and undetectable by the methods employed. In theory,
all of these issues could be addressed by examining the
progeny of adults transheterozygous for Df(3R)nau-9 and
Df(3R)nau-11a4, since both maternal and zygotic nau
would be absent in these embryos. As previously noted,
however, adult females transheterozygous for Df(3R)nau-9
and Df(3R)nau-11a4 are sterile (Keller et al., 1998) and were
therefore not useful for this analysis. Although they ovi-
posit at rates equivalent to wild-type females, the eggs are
unfertilized as evidenced by the absence of sperm tails (n 5
28; data not shown) or cell division (n 5 22; data not
shown). Consequently, the only approach that would allow
us to eliminate nau both maternally and zygotically re-
quired the isolation of a null mutation in nau and subse-
quent generation of germline clones.
To address the possibility that the female sterility phe-
notype was due to the absence of nau, and could be used as
FIG. 1. Molecular analysis of unfertilized eggs, 0- to 4-h-old
embryos, and ovaries for the presence of nau transcripts. RNA was
prepared from wild-type samples, and the nau bHLH amplified by
RT-PCR as described in Materials and Methods. (A, C) RT-PCR
products from unfertilized eggs, 0- to 4-h-old embryos, adult flies,
and ovaries, as indicated. (B, D) Southern blot analyses of the
RT-PCR products shown in (A) and (C) in which the membrane was
probed with a labeled fragment that extends from the start of the
nau cDNA to 11123. As shown, no nau products were detected in
unfertilized eggs, 0- to 4-h-old embryos or ovaries. RT-PCR analysis
of the myoblast city (mbc) gene, which is maternally-provided
(Erickson et al., 1997), served as a positive control.the basis for a genetic screen, we examined whether exog-
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377nautilus Loss-of-Function Mutationsenously provided nau was competent to rescue this defect.
sing the GAL4 system of Brand and Perrimon (1993), the
4B-GAL4 mesodermal driver and UAS-nau 4 (Keller et al.,
997) transgenes were recombined onto the Df(3R)nau-
1a4 and Df(3R)nau-9 chromosomes, respectively, and the
resulting lines mated. As shown in Table 1, ectopic expres-
sion of NAU rescued the sterility phenotype of nau mutant
females, demonstrating that its loss is responsible for the
inability of the eggs to be fertilized. Not unexpectedly,
rescue of the mutant phenotype was not complete, presum-
ably due to insufficiencies in the timing or level of expres-
sion directed by 24B-GAL4. The sterility phenotype was
then used as the basis for a genetic screen in which mothers
bearing nau-specific mutations were identified by the ab-
sence of viable progeny. Approximately 5500 mutagenized
chromosomes were analyzed in an F3 fertility screen (see
Materials and Methods), the scheme of which is shown in
Fig. 2A. A total of two mutations in nau, termed nau188 and
auPS6, were obtained.
Molecular Characterization of Candidate nau
Mutations
Southern analysis of genomic DNA isolated from adults
homozygous for nau188 revealed an apparent deletion of the
nau promoter and transcription start site (data not shown).
ubsequent PCR amplification and direct sequence analysis
onfirmed the deletion of genomic sequences 2877 to
11266, relative to the nau transcription start site. As
indicated in the schematic in Fig. 2B, sequences both 59 and
39 to the deleted nucleotides align with the parent se-
quence, with the exception of two added nucleotides at the
site of this deletion. By contrast to nau188, Southern analysis
TABLE 1
A: Determination of the Number o
Female genotype Male genotype
Df(3R)nau-9 Wild-type
Df(3R)nau-11A4
UAS-nau4, Df(3R)nau-9 Wild-type
4B-GAL4, Df(3R)nau-11A4
B: Lethal Phase Tests of Progeny
Female genotype Male genotype Eggs analyz
Df(3R)nau-9 Wild-type 200
f(3R)nau-11A4
AS-nau4, Df(3R)nau-9 Wild-type 200
4B-GAL4, Df(3R)nau-11A4
a Relative to the total number of eggs analyzed.
b Relative to the total number of eggs analyzed.f DNA isolated from adults bearing the nauPS6 chromo- v
Copyright © 2001 by Academic Press. All rightome and Df(3R)nau-11a4 revealed that the organization of
he nau-containing genomic region appeared to be intact.
n the assumption that nauPS6 likely represented a point
utation, total RNA from these adults was isolated, and
au cDNA sequences recovered by RT-PCR. Direct se-
uence analysis of the RT-PCR products revealed a single
ucleotide deletion at position 1926, relative to the tran-
cription start site. This deletion causes a shift in the
ranslational reading frame at amino acid 177, within Helix
of the bHLH domain. The reading frame of the altered
ranscript contains a stop codon 55 codons downstream of
he deleted nucleotide (Fig. 2C).
NAU Expression and Muscle Pattern in nau188 and
auPS6 Mutant Embryos
The results reported above demonstrate that both nau188
and nauPS6 contain mutations that should specifically dis-
rupt or eliminate NAU function. To confirm that embryos
homozygous for nau188 are lacking detectable NAU expres-
sion, the progeny of flies that were genetically nau188/TM3-
lacZ-hg were recovered. Embryos were immunostained
with affinity-purified polyclonal antisera directed against
NAU, and mutants identified by the absence of
b-galactosidase expression. As shown in Fig. 3B, NAU was
not detectable in these embryos. By contrast, NAU protein
was detected at a reduced level in embryos homozygous for
nauPS6 (Fig. 3C), reflecting either an unstable protein or
educed immunodetection of this truncated form of NAU.
To determine whether embryos homozygous for the
au188 and nauPS6 alleles exhibited the same nau zygotic
oss-of-function phenotype as the deficiency transheterozy-
otes (Keller et al., 1998), the somatic muscle pattern was
tile Mutant and Rescued Females
Females analyzed Females with viable progeny
25 0
25 25 (100%)
Mutant and Rescued Females
Surviving larvae Surviving pupaea Surviving adultsb
0 0 0
100 (50%) 94 (47%) 88 (44%)f Fer
from
edisualized by immunostaining with a monoclonal antibody
s of reproduction in any form reserved.
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378 Balagopalan, Keller, and Abmayrdirected against muscle myosin heavy chain (MHC). In both
cases, mutant embryos displayed a somatic muscle pheno-
type identical to that previously described (Figs. 3F and 3G;
Keller et al., 1998), in which only a small subset of the
somatic muscles is affected. In addition, we have confirmed
that flies homozygous for nau188, the protein-null allele, are
lso viable but essentially sterile, in agreement with results
escribed above. This nau-specific mutation was therefore
sed to generate germline clones in which no maternally
rovided source of nau would be available.
Elimination of nau through Generation of
Germline Clones
To determine whether the subtle muscle phenotype
and viability of embryos lacking zygotic nau is due to a
maternally provided form of nau that was not previously
detected, nau germline clones were generated and ana-
lyzed. The heat shock-induced autosomal FLP-FRT
Dominant Female Sterile (DFS) system (Chou and Perri-
mon, 1996) was used for this purpose. In brief, nau188 was
recombined onto an FRT-containing third chromosome,
and appropriate crosses carried out. FLP22/1; FRT3R-82B-
voD1/FRT3R-82B nau188 females were heat shocked during
arval stages to generate germline clones. Adult females
FIG. 2. (A) Schematic of the EMS mutagenesis screen to generate
een previously described (Lindsley and Zimm, 1992). Mutagenesis
utagenized chromosomes. Analysis of approximately 5500 mu
olecular characterization of the nau sequence in nau188 and nauPS6
au188 homozygotes. Nucleotides 2877 to 11266, relative to the na
extra nucleotides are also present at the mutation site. Sequence
Schematic of the results of molecular analysis of nauPS6. RNA isola
by RT-PCR (see Materials and Methods). Direct sequencing of the P
of the nau cDNA, within the codon for aa177. Deletion of this nucl
domain and results in a stop codon 55 codons after the sequence lere recovered from the progeny and mated to
Copyright © 2001 by Academic Press. All rightales homozygous for nau188. Of note, all fertilized eggs
resulting from the above cross lack any maternal as well
as zygotic nau. In an examination of 200 progeny from
the above cross, 78 (39%) survived to adulthood. The
remaining 122 (61%) remained white eggs, showed no
signs of development, and appeared to be unfertilized.
This assumption was confirmed in a separate series of
experiments by the absence of sperm tails in 15 out of 26
progeny (58%) and the absence of muscle myosin ex-
pression in 43 out of 68 progeny (63%). The high percent-
age of unfertilized eggs may reflect the overall poor
health of the heat shocked females, which is not unprec-
edented using this approach, or induction of somatic nau
clones in the tissue(s) associated with the female sterile
phenotype.
Of crucial importance, 25 out of the 68 (37%) progeny
described above exhibited somatic muscle defects identi-
cal to those observed for the nau188 zygotic loss-of-
unction (Figs. 3F and 3H). Among the muscles most
everely affected are dorsal oblique muscle DO4 and
orsal acute muscle DA3 (highlighted in the schematic in
ig. 3D), the same subset of muscle fibers that are most
ften missing in Df(3R)nau-9/Df(3R)nau-11a4 embryos
Keller et al., 1998). These data suggest that the progeny
f nau germline clone females mated to males homozy-
- specific mutations. All marker and balancer chromosomes have
ditions are described in Materials and Methods. Asterisks indicate
nized chromosomes yielded two independent mutations. (B, C)
chematic of the results of sequence analysis of DNA isolated from
nscription start site, have been deleted in this mutant allele. Two
h 59 and 39 of the mutation site align with wild-type DNA. (C)
rom adults heterozygous for nauPS6/Df(3R)nau-11a4 was amplified
roduct revealed the deletion of a single nucleotide at position 1926
e causes a shift in the reading frame at the beginning of the HLH
.nau
con
tage
. (B) S
u tra
s bot
ted f
CR p
eotidgous for nau188 consist of two populations. One group
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379nautilus Loss-of-Function Mutations(approximately 60%) is composed of unfertilized eggs.
The other population (approximately 40%) is composed
of fertilized eggs that are lacking a subset of muscle fibers,
and survive to adulthood. Thus, 100% of the fertilized
FIG. 3. Examination of NAU expression and somatic muscle patt
left. (A–C) Ventral views of Stage 13 embryos immunostained for
nau188/nau188 (B) and nauPS6/nauPS6 (C). Protein expression was visua
he complete absence of NAU expression in (B) confirms that nau18
of larval body wall muscles. Extreme dorsal and ventral muscles a
missing in nau mutant embryos, are highlighted. (E–H) Lateral vie
visualized using a monoclonal antibody directed against muscle
nau188/nau188 (F) and nauPS6/nauPS6 (G), and germline clone of nau188
in embryos that lack nau zygotically (F, G) as well as in embryos
components are absent (H).embryos lacking nau both maternally and zygotically ex- d
Copyright © 2001 by Academic Press. All rightibit the muscle phenotype described for the loss of nau
ygotically (Keller et al., 1998). These studies therefore
onfirm that nau is essential for the differentiation of a
pecific subset of muscle fibers, and that removal of all nau
n nau-mutant embryos. Embryos are oriented with anterior to the
. Embryos correspond to wild-type (A), or zygotic loss-of-function
using a fluorescent secondary antibody and confocal microscopy.
esponds to a null allele. (D) Schematic representation of the pattern
t shown. Muscles DO4 and DA3, the muscles that are most often
f Stage 16 embryos in which the somatic muscle pattern has been
C. Embryos correspond to wild-type (E), zygotic loss-of-function
Note that muscles DO4 and DA3 (indicated by arrows) are missing
ived from germline clones of nau in which zygotic and maternalern i
NAU
lized
8 corr
re no
ws o
MH
(H).
deroes not result in lethality at any stage of development.
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380 Balagopalan, Keller, and AbmayrDISCUSSION
Previous studies have demonstrated that individuals
transheterozygous for deficiencies that remove nau, termed
Df(3R)nau-9 and Df(3R)nau-11a4, survive to adulthood at
ates comparable to their wild-type siblings. Examination of
he pattern of muscle fibers in embryos transheterozygous
or these deficiencies revealed a rather subtle mutant phe-
otype, in which a subset of muscle fibers were missing
Keller et al., 1998). These data suggested that zygotic
xpression of nau is necessary for the formation of a subset
of the larval body wall muscles, but that the loss of these
muscles was not detrimental to survival of the larva or
adult. Subsequently, however, the results of RNA-i analysis
suggested a somewhat more severe nau loss-of-function
phenotype (Misquitta and Paterson, 1999). To examine
potential genetic explanations for these differing reports,
the present study revisits the nau loss-of-function pheno-
type and extends the genetic analysis to include nau-
specific mutations and germline clones.
Zygotic nau Is Not Essential for Adult Survival or
for Formation of Most Larval Body Wall Muscles
One explanation for the subtle muscle phenotype of
Df(3R)nau-9/Df(3R)nau-11a4 embryos is that the deficien-
cies do not completely remove nau and that this residual
AU directs significant muscle development. This expla-
ation has been eliminated by the results of Southern
nalyses using multiple enzymes and probes that cover the
ntire nau coding sequence, which reveal a complete ab-
ence of nau sequences. In agreement, no NAU expression
as detected in embryos transheterozygous for the deficien-
ies. Thus, the subtle muscle phenotype exhibited by the
eficiency embryos (Keller et al., 1998) represents the
ygotic loss-of-function phenotype.
Although zygotic expression of nau is not essential for
survival to adulthood, the eggs of adult females lacking nau
exhibit severely reduced rates of fertilization. While a clear
explanation for this mutant phenotype remains to be deter-
mined, it has facilitated the isolation of EMS-induced nau
specific mutations termed nau188 and nauPS6. In agreement
with both the deficiency phenotype (Keller et al., 1998) and
the observation that nau is expressed in only a subset of
muscle founders (Michelson et al., 1990; Paterson et al.,
1991; Abmayr et al., 1992), embryos homozygous for either
of these mutations are missing a subset of muscle fibers.
The affected muscles correspond to those previously de-
scribed (Keller et al., 1998), and individuals lacking these
muscles still survive to adulthood.
Removal of nau Maternally and Zygotically Does
Not Account for the Results of RNA-i
Analysis of RNA from ovaries and unfertilized eggs did
not reveal maternally provided nau transcripts that might
account for the difference between the zygotic loss-of-
Copyright © 2001 by Academic Press. All rightunction phenotype and that observed with RNAi (Mis-
uitta and Paterson, 1999). Interpretation of these results as
onclusive was prevented, however, by the potential for
lternative forms of the nau mRNA that may not be
etected by the chosen oligonucleotides. In addition, RT-
CR analyses could not address whether NAU protein was
rovided to the egg. These explanations for the subtle
ygotic loss-of-function phenotype could be eliminated
nly by the generation of null alleles and subsequent
nalysis of germline clone embryos. These embryos were
erived from ovaries in which the germline cells, and
esulting eggs, were lacking nau genetically and were fer-
ilized by nau mutant sperm. As described, the elimination
f any hypothetical maternally-provided nau did not alter
he loss-of-function phenotype or survival rate of embryos
acking nau. These observations therefore do not support
he existence of a maternal contribution for nau, confirm-
ng that nau is essential for the formation of only a subset
f muscle fibers but not adult viability.
Drosophila Myogenesis and the Role of nau
The subtle muscle phenotype observed in flies lacking
nau is in contrast to the more critical role that the verte-
brate MRFs play in vertebrate myogenesis, and was not
anticipated at the time of its initial isolation. Such early
expectations might, however, be somewhat naive in the
context of our current understanding of Drosophila myo-
genesis. As described in the introduction, specification of
the elaborate pattern of larval body wall muscles actually
begins concurrent with the earliest stages of myogenesis in
the Drosophila embryo. Distinct equivalence groups com-
posed primarily of post-mitotic myoblasts segregate from
the mesoderm at specific locations (Carmena et al., 1995).
In a process of lateral inhibition mediated by Notch, a
single muscle progenitor will then be selected from the
cells within each equivalence group. This single founder
cell, which may undergo one additional mitotic division,
then seeds the fusion process and controls the unique
features of the resulting muscle fiber (reviewed in Frasch,
1999). Thus, the larval body wall muscles that develop in a
Drosophila embryo are not derived from a common pool of
homogeneous myoblasts, and appear to segregate from the
mesoderm with distinct features. Our results establish that
NAU, the single Drosophila homologue of the MRFs, is not
required for determination of all embryonic myoblasts
(Keller et al., 1998; this study). Indeed, no factor has yet
been identified that is specifically required for the determi-
nation of all myoblasts. In fact, based upon its pattern of
expression and ectopic behavior, Drosophila Twist may
serve such a function (Baylies and Bate, 1996), making a
general role for nau unnecessary. Alternatively, one might
anticipate the existence of several factors that, through
individual and combinatorial mechanisms, are responsible
for differentiation of founder myoblasts. Consistent with
this prediction, several genes are expressed in subsets of
founder myoblasts and, in at least some cases, are essential
s of reproduction in any form reserved.
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in Frasch, 1999). It seems plausible that nau is simply
another example of a gene that serves such a function.
We note that the roles of other highly conserved proteins
in Drosophila myogenesis are in some contrast to their
roles in vertebrate myogenesis. For example, murine TWI is
a powerful negative regulator of skeletal muscle differentia-
tion, whereas a high level of Drosophila TWI is a critical
determinant of somatic myogenesis (Baylies and Bate, 1996;
reviewed in Michelson, 1996). In addition, although the C.
elegans twi homologue hlh-8 is involved in the develop-
ment of a subset of non-striated muscle, it is not required
for formation of striated muscle (Corsi et al., 2000). Defini-
tive comparisons of the functions of the vertebrate and
invertebrate MEF2 family members in skeletal and somatic
myogenesis remain incomplete or precluded by early lethal-
ity. However, even invertebrate family members play dis-
tinctly different roles. For example, embryos lacking the
single Drosophila family member Dmef2 exhibit severe
efects in the differentiation of all three muscle lineages:
omatic, cardiac, and visceral (Bour et al., 1995; Lilly et al.,
995; Ranganayakulu et al., 1995), while the single C.
legans MEF2 homologue is not essential for myogenesis
Dichoso et al., 2000). Finally, distinct differences in func-
ion have been observed among members of the MRF family
f bHLH proteins. In contrast to the critical role in all
uscle fibers revealed by mouse knockouts for the MRFs,
ur data suggest a nonessential muscle fiber-specific role for
au. Yet another role seems to be suggested by the analysis
f mutations in CeMyoD, the single C. elegans MRF
homolog. In brief, CeMyoD appears to be essential for the
integrity of the muscle fibers but is not necessary for their
formation (Chen et al., 1994).
In summary, our results establish the nau complete
loss-of-function phenotype. The apparent differences in the
mechanisms by which myoblasts are segregated and speci-
fied, along with differences in the functions of other con-
served myogenic genes, are in alignment with our finding
that nau does not serve an essential role in Drosphila
myogenesis. Moreover, advances in our understanding of
myogenesis in many different organisms over the last
decade might alter the expectation that nau should have
served a role similar to that of its verbrate counterparts.
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